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ABSTRACT 
Studies on the effects of air ions on the functional efficiency of the extirpated tra- 
cheal strip have been extended to the trachea of the living rabbit, rat, and mouse. 
Animals exposed to high mobility (+) air ions administered ~/a a tracheotomy aper- 
ture displayed: (a) Decreased ciliary activity. (b) Decline in mucus flow rate, some- 
times reversed by prolonged exposure to (q-) ions; a frequent drop in the volume of 
mucous secretion.  (c)  Contraction  of  the  membranous posterior tracheal wall.  (d) 
Increased vulnerability to trauma of cilia and mucosal blood vessels. 
Similar treatment with  (--) air ions  reversed (+)  ion  effects on ciliary activity, 
mucus flow, contraction of the tracheal smooth muscle. Continued (--) ion treatment 
raised the ciliary rate (invariably) and the mucus flow rate (often) above their initial 
levels. 
(+) Air ions administered to unoperated resting mice and rats increased  the respir- 
atory rate; (--) ions reversed this effect. 
Long exposure of unoperated ambulatory mice to (+) air ions produced: (a) De- 
creased ciliary activity. (b) No dear cut effect on mucus flow. (c) Contraction of the 
posterior tracheal wall.  (d)  Increased vulnerability of the  mucosa to  trauma.  (--) 
Air ions increased  ciliary activity but had no clear-cut effect on the mucus flow rate. 
INTRODUCTION 
The  clearing mechanism of the  respiratory  tract  from the  nasal  cavity to 
the finer ramifications of the  bronchi is dependent,  to a  large degree, on:  (1) 
the wave-like action of cilia protruding from the free surface of  the epithelial 
cells and  (2)  the cephalad motion of a  mucus layer carried along by  the cilia 
(6,  7).  Particulate matter such as pollens,  bacteria,  or dust  if  trapped in  the 
mucus film of the nasal cavity is moved at a remarkably fast rate to the  naso- 
pharynx  and  epiglottis  where  it  is  disposed  of  by  the  acts  of  swallowing, 
expectorating, or blowing the nose. Some idea of the magnitude of this clearing 
function can be obtained from the fact that the nasal mucosa alone produces 
more than 1 pint of fluid per day. 
* This work was conducted under a  grant from the Atomic Energy Commission, 
with  partial  support  from  the  Committee on  Research,  University of  California. 
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Should the particles escape trapping and descend with the inspired air into 
the  trachea,  bronchi,  or bronchioles,  the residual  turbulence of the  air will 
impinge many of them on a  similar layer of mucus resting  on the  ciliated 
epithelium of this area. The mucus is produced in the trachea and bronchi of 
several species of animals, including man, by the secretive activity of two kinds 
of cells, those gathered into gland acini and the goblet cells scattered among 
the ciliated epithelial cells. Some of the acini are mucous and others are serous. 
The  combined secretion is  a  viscous, mucous fluid whose formation is  only 
partially subject  to  nervous control; stimulation of the vagus nerve  excites 
the activity of the tracheal glands but has no effect on the functioning of goblet 
cells. 
Once particles or  organisms  are  enmeshed in the  tracheobronchial mucus 
they become passive passengers in the sustained movement of the film up the 
respiratory tract, following a  spiral path at a  rate of several centimeters per 
minute. When the mucus collects in the region of the epiglottis, it is either 
swallowed or expectorated. 
There is general agreement that the mucous fluids produced by the mucosae 
of  the  respiratory  tract  play  an  important  role  in  shielding  the  epithelial 
surfaces  from irritants  and  infectious agents.  Besides  this  mechanical pro- 
tection there is strong evidence that mucoproteins present in the secretions 
contribute in  a  different way to  the  host's  resistance  to  infection; namely, 
by supplying an inhibitor which prevents  the  essential first step  in  certain 
viral diseases, the union of the virus particles with the cells of the mucosa (8). 
Although our primary interest has been to observe the effects of positive 
and negative air ions on this surface-clearing function of the trachea, we have 
assumed as a  working hypothesis that similar effects would obtain in other 
portions of the respiratory tract where the structure supports ciliary activity 
and mucus flow. 
In our earlier work on the extirpated tracheal strip (1), we found that positive 
ions:  (a)  Reduced ciliary flicker from an initial rate  of  ca.  1500 beats/rain. 
to  1100 or less  and sometimes halted it completely. (b)  Slowed mucus flow. 
(c)  Contracted  the  membranous  posterior  tracheal  wall  and  abolished  the 
peristaltic response.  (d)  Dried  the  epithelial surface.  (e)  Enhanced the  sus- 
ceptibility of the cilia to trauma. 
Negative  ions:  (a)  Raised  the  ciliary flicker to  1600 to  1700 beats/rain. 
(b) Accelerated mucus flow. (c) Reversed the effects of positive ions on ciliary 
activity, mucus flow,  and contraction of the tracheal wall.  (d)  Did not dry 
the epithelial surface. 
There are certain limitations inherent in the use of extirpated tracheal tissue, 
as Dalhamn has pointed out in  his  excellent monograph  (2).  We  therefore 
repeated our earlier experiments on intact animals, removing a  section of the 
anterior tracheal wall to expose an area of the posterior wall suitable for ex- 
posure to air ions and for observation through a microscope. In addition, we A. P. KRUEGER  AND  R. ]~. SMITH  71 
conducted experiments in which animals were exposed to air ions for variable 
lengths of time before the tracheotomy, and then examined. 
Materials and Methods 
1. Experimentat  Animals.--In  our  earlier  experiments  concerning  the  reactions 
of the extirpated tracheal strip we found the rabbit trachea to be the tissue of choice 
among  several species tested.  For  the present  work  involving the  trachea  of  the 
living animal we were able to extend our observations to the mouse and rat. Male 
and  female albino rabbits weighing 10  to  15  pounds, male and  female albino rats 
weighing 300 to 400 gin., and male and female mice of both albino ("Namru" stock) 
and agouti strains were employed in these experiments. 
2.  Operative  Technique.--The  animal to be used was anesthetized with a  sodium 
nembutal  solution  which  was  administered  intraperitoneaUy to  rabbits  and  rats, 
rectally to mice.  After the trachea had been surgically exposed, an oblong portion 
of the ventral surface of the trachea measuring about 10 ×  5 mm. was outlined with 
a red hot wire or a high frequency desiccating current applicator, then removed with 
scissors. The ground of the rectifying circuit (a copper terminal wound  with gauze 
and saturated with Ringer's solution) was placed in contact with the trachea, just 
caudal to the opening in the ventral wall. 
3.  Humid Air Chamber.--Since ciliary activity is impaired by drying, it was neces- 
sary to place the animal in a humid atmosphere immediately after opening the trachea. 
For this purpose a 5  X  12  X  8 inch glass and plastic chamber was constructed with a 
glass roof that could be raised and lowered according to the size of the animal used. 
Compressed air bubbled through a water bath at 60°C. was led through a polyethylene 
tube into the chamber. The temperature within the chamber varied from 25-30°C. 
on different days, but it never varied more than 1 or 2  ° during the course of a single 
experiment. While the absolute rate of ciliary flicker is affected by temperature, we 
found no difference in the pattern of ciliary response to air ions at various tempera- 
tures. 
When rats and mice were used, the entire animal was placed inside the humid air 
chamber;  with  rabbits, only  the  head  and  thorax  were placed in  the  chamber. 
Dissecting microscopes, 30-45 power, were mounted just over the glass roof; this 
permitted direct observation of the tracheal surface during the course of the experi- 
ment. 
4.  Air Ion Sour6e.--I--Iigh  mobility air ions were generated by 13-radiation derived 
from tritium which was contained in sealed foils. By means of a reversible rectifying 
circuit, it was possible to select positive or negative ions at will (3, 4). 
For experiments in which animals were exposed to air ions after tracheotomy, the 
head of the ion generator extended into the humid air chamber and was located 4 to 5 
cm.  above the  trachea  of  the  experimental animal. Measurements  made with  the 
Beckett probe and  Beckman  micromicroammeter (5)  established that  ca.  1  X  109 
air ions of either charge impinged on each square centimeter of exposed tissue per 
second. In a  few experiments a  powerstat was used to reduce the voltage and  the 
ion output to ca.  1  ×  106 ions/cm?/sec. 
For experiments in which animals were exposed to air ions before  tracheotomy, 
use was made of specially designed "ionizing"  cages. Each cage, 5  X  10  X  7 inches, 72  AIR  ION  EFFECTS  ON  LIVING  TRACtIEA 
included two tritium ion generators in the wire mesh roof, while the metal floor con- 
stituted the ground of the rectifying circuit. The Beckett probe and Beckman micro- 
microammeter gave values at floor level of ca. 1 X  107 ions/cm.~/sec. 
5.  Determination  of  the  Ciliary  Rate.--A  strobotac-strobolux  combination  was 
used to determine the rate of ciliary beating. The strobolnx was mounted above and 
behind the humid air chamber, so that its light struck the exposed tracheal surface 
and was reflected up through the dissecting microscope to the observer. The strobolux 
light flicker  was gradually reduced from 3000/rain.  until  ciliary movement in those 
areas of the tracheal mucosa reflecting the light appeared  to cease; then a  reading 
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FxG. 1. The effect of Ringer's solution and oxygenated Ringer's solution on the 
ciliary activity of the rabbit trachea (pretreated for 15 seconds). Observations made 
through tracheal aperture. 
on the strobotac was taken. Under identical conditions, successive readings did  not 
vary more than 4-50 beats/min. 
6.  Determination of the Rate of Mucus F/ow.--Mucus flow rates were determined 
by timing the progress of air bubbles imbedded in the mucous layer, or grains of talc 
(averaging 0.01 mm. in diameter) applied to the mucous layer with a medical powder 
blower. The distance travelled by the air bubble or grain of talc within a given time 
period was measured by means of an ocular micrometer. 
EXPEP TM~NTAL  RESULTS 
Ciliary rates in the earlier in vitro experiments were considerably higher than 
those seen in the present experiments. This was due to our practice of washing 
the tracheal strip with oxygenated Ringer's solution,  a  procedure not used in 
the living animal.  The effect of preliminary treatment with Ringer's solution, A. P. KRUEGER  AND  R. F. SMITH  73 
both oxygenated and plain, on the basal ciliary rate of tracheal strips not treated 
with air ions is shown in Fig.  1.  The pattern of ciliary response to  (+)  and 
(--)  air ions was always the same with or without preliminary washing with 
Ringer's solution. 
It was previously found in the in vitro experiments that the rectifying circuits 
in themselves had no effect on ciliary rates or mucus flow. This was also found 
FIo.  2.  Control test with electrostatic field of ion generator but tritium source 
removed. Note lack of effect on ciliary  activity, mucus  flow, and  respiratory rate 
of tracheotomized rabbit. The gradual declines in mucus flow and respiratory rate 
are not unusual and are independent of order of exposure. 
to be true for the living tracheotomized animal;  in  addition,  the respiratory 
rate was not effected (Fig. 2). The tritium head by itself, without the rectifying 
circuits,  had  no effect at  the distances  used,  which were two  to  three times 
the maximum range of ~-radiation (5). 
I 
Experiments  in  Which Animals  Were Exposed to  Air Ions after  Tracheotomy 
The  results  given  below  summarize  observations  made  on  20  rabbits,  20 
rats, and 10 mice. 74  AIR  ION  EFFECTS  ON  LIVING  TRACHEA 
A.  Effects  on Ciliary Flicker and  Mucus Flow.--In all the animals studied, 
exposure of the  trachea  to positive air ions for  15  to  20 minutes  caused  the 
rate of ciliary beating to drop an average of 300 beats/min,  from the initial 
rate, or in some cases to cease altogether (Figs. 3 a  and 3 b). Once established, 
the lowered ciliary rate remained constant,  even if exposure to positive  ions 
FIGs.  3 a  and 3 b.  Effect of positive air ions on ciliary  activity and  mucus flow 
of tracheotomized rabbits. Pattern of positive ion inhibition of mucus flow was quite 
constant although absolute values varied from animal to animal. 
was  terminated.  Only negative  ions  were  able  to  restore  the  ciliary beating 
to its initial rate or above (Figs. 4 to 6). 
The  normal mucus  flow  rate  was  found  to  vary  widely,  even  among  in- 
dividuals  of the  same  species.  The  general  pattern  in  control  animals  was 
for the mucus flow to remain relatively constant in rate for the first few hours 
and  then  decline  gradually,  but  without  actually  coming to  a  stop  (Fig.  2). 
The mucus flow rate generally, but not invariably, paralleled the rate of ciliary A. P.  KRUEGER  AND  I%. F.  SMITH  75 
beating; thus,  when the ciliary rate rose or fell with negative or positive  air 
ion exposure, the mucus flow rate also rose or fell as a  rule  (Figs.  4  and 5). 
However, in positive ion experiments of long duration the sharp initial drop 
in the mucus flow rate was sometimes followed by a slow rise, even though the 
ciliary rate remained unchanged at its low level (Fig. 7). 
FIG. 4.  Reversal by negative air ions of positive air ion effects on ciliary activity 
and mucus flow. Tracheotomized rat. 
In an atmosphere of positive air ions the mucous secretion often appeared 
to be less abundant  than usual and occasional drying of the tracheal surface 
was  seen, but this was much less marked than in analogous experiments on 
isolated tracheal strips. 
B.  Effect on Smooth Musde.--During  exposure to  positive ions the mem- 
branous posterior tracheal wall was regularly observed to be pinched together. 
Actual  measurements  with  the  ocular micrometer showed  that  this  portion 
of the trachea often shrank  to approximately half its  original width.  Subse- 
quent  exposure to  negative ions  caused  it  to  return to its  initial  state. 76  AIR ION EF:FECTS ON LIVING TRACIEEA 
C.  Effect  on  Respiratory  Rate.--A  phenomenon  possibly  related  to  the 
above effect on  smooth muscle  was  noted.  As  an  aid  in  following  depth  of 
anesthesia  the  respiratory rate of the  animal was taken at regular intervals. 
It was sometimes observed that  the  respiratory rate rose during  exposure to 
positive air ions.  Such  observations made  on  an  animal under  the  influence 
of an agent that directly affects the respiratory center seemed of doubtful value. 
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FIG. 5.  Reversal by negative air ions of positive air ion effects on ciliary activity 
and mucus flow. Tracheotomized rabbit. 
Yet  it  was  impossible  to  make  similar  studies  on  unanesthetized  and  un- 
operated  animals,  since  slight  noises  in  the  room  or  random movements of 
the animal were enough  to cause marked fluctuations in its respiratory rate. 
Accordingly, the respiratory rates were determined on unoperated rats and 
mice who had received 1 mg. of ehlorpromazine hydrochloride intramuscularly 
or  rectally.  For  the  most  part  such  animals  remained  motionless for  hours 
and had relatively constant respiratory rates. Under these conditions positive 
ions caused a  small hut  definite  increase in  the  respiratory rate,  an increase 
that was reversed by inhalation of negative air ions (Fig. 8). A.  P.  KRIFEGER  AND  R.  F.  SMITH 
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FIo.  6.  Reversal by negative air ions of positive air ion effects on ciliary activity. 
Tracheotomized mouse. Mucus flow not observed. 
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FIG.  7.  Gradual  rise  of  mucus  flow  often  observed  during  prolonged  exposure 
to positive air  ions. Tracheotomized  rabbit.  This is independent  of ciliary activity 
and suggests formation of less viscid mucus. "90 
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D.  Effects on the Resistance of the Tracheal Mucosa to Mechanical Trauma.--In 
the earlier experiments on isolated rabbit trachea it was reported that a single 
stroke was a swab which had no lasting effect on the control tissue completely 
stopped ciliary activity in the tissue exposed to positive air ions. This enhanced 
ciliary vulnerability was  also  seen in  the  living animal.  In  addition,  an  in- 
creased vascular irritability of the tracheal mucosa was noted during exposure 
to positive ions. 
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FIG. 8.  Effect of positive and negative air ions on respiratory rate of unoperated, 
resting  rat.  Animal  had  received  1 mg.  chlorpromazine  hydrochloride. 
When a freshly tracheotomized rabbit was placed in the experimental cham- 
ber, the pattern of superficial blood vessels in the posterior tracheal wall faded 
slightly during the first 10 to 15 minutes and then remained the same, whether 
in an atmosphere of negative ions or no ions. If the posterior tracheal surface 
was touched with a  smooth metal probe (diameter 0.5 ram.)  no visible after- 
effect was seen through the 45  X  dissecting microscope. If the same spot was 
touched repeatedly half a dozen times, dilatation of the underlying capillaries 
could  be  produced.  This  dilatation  would  disappear  within  20  minutes. 
When  the tracheotomized rabbit was  exposed to positive air ions for half 
an hour, a mild to extensive blanching of the tracheal mucosa occurred. The 
slightest touch with the probe instantly gave rise to a  conspicuous blood-red 
spot.  In some cases this spot was  a  tangle of dilated capillaries; in other in- A,  P.  KRUEGER  AND  R.  lJ'.  SMITH  79 
stances it was a  homogeneous red ecchymotic disc. Upon continued exposure 
to positive air ions the dilated capillary webs faded slowly, but their outlines 
were discernible for the duration of the experiment. In contrast, the ecchymoses 
persisted  without  detectable  fading.  In  both  cases  the  surrounding  tissue 
displayed progressive ischemia. 
E. Effect of Lower Air Ion Concentrations.--In a few experiments with rab- 
bits,  the voltage of the rectifying circuit was  stepped  down by means of a 
powerstat so that only 0.1 to 1 per cent of the usual ion output was obtained. 
Under these conditions, the same effects on ciliary flicker, mucus flow,  and 
respiration occurred  within the usual  time periods.  Enhanced susceptibility 
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FIG. 9.  Effect of positive and negative air ions on Imoperated, ambulatory mice. 
Mice were removed at intervals  from ionizing and control  cages and anesthetized 
with nembutal. Ciliary  rates  were  determined  through tracheal  apertures.  Each 
point represents average values for two mice. 
of the tracheal mucosa to mechanical trauma after positive ion exposure was 
also  seen in these experiments, but it was  less  marked  (i.e.,  vasodilatation, 
but not ecchymosis was produced). 
II 
Experiments in Which Animals Were Exposed to Air Ions before Tracheotomy 
The results given here summarize observations made on 50 mice. The animals 
were kept in ionizing cages for the length of time indicated, then anesthetized, 
tracheotomized, and placed in the humid air chamber (ion-free), a procedure 
requiring some 30 to 45 minutes. 
As shown in Fig. 9, the maximum air ion effect on ciliary flicker was achieved 
within 24 hours and remained constant thereafter. At  12  hours the positive 80  AIR  ION  E]~]~ECTS  ON  LIVING  TRACHEA 
ion effect was apparent, but not the negative ion effect. There was no clear 
cut effect on the mucus flow rate. 
In the experiments of part I  it was determined that the effects of positive 
ions persisted long after exposure to positive ions had stopped. The effects of 
negative ions, on the other hand, quickly disappeared when the animal was 
removed from the negative ion source.  From the  experiments of part  II  it 
would appear that prolonged exposure (24 hours or more) of the unoperated 
animal to negative ions has a more lasting effect on the tracheal mucosa. The 
ciliary flicker, at least, of such animals remained at unusually high levels long 
after they had ceased to inhale negative ions. 
The tracheal mucosa of mice exposed to positive ions in these experiments 
showed the same contraction of the posterior wall and enhanced vulnerability 
to mechanical trauma described in part I. These effects were not observed in 
the tracheas of control or negatively ionized mice. 
DISCUSSION 
The air ion effects reported in our earlier work on the extirpated tracheal 
strip  have been found to  occur,  with few exceptions,  in  the  living animal. 
This was true of the inhibiting action exerted on ciliary flicker by positive air 
ions and the reversal of this effect by negative air ions. Evidently this is a 
direct surface effect which does not require  the presence  of an intact nerve 
supply or circulation, 
It was only partly true, however, for the drying and decrease in mucous 
secretion produced by positive air ions. Dalhamn  (2)  has already noted the 
limited dichotomy of ciliary activity and mucus flow in the normal rat trachea 
entirely apart from air ion effects. Our observations indicate that the secretion 
of mucus and the actual rate of mucus flow are less susceptible to the action of 
positive ions in living animals than they are in isolated tracheal strips. This 
seems to be an expression of the homeostatic capability of the living animal and 
consequently does not extend to the extirpated tissue. 
So far as the contracture of the membranous posterior portion of the tracheal 
wall with positive  ions  is  concerned,  we  cannot be  sure  that  this  response 
occurs in an unoperated animal. Normally this portion of the trachea is held 
apart by the horseshoe-shaped cartilages. It is doubtful that positive air ions 
could overcome this tension to any appreciable extent. Nevertheless, should 
enough positive ions reach the lower passages of the respiratory tract where 
the  cartilaginous support  is  less  complete, significant reduction in diameter 
could result. 
In 1931 Happel  (9)  reported that the rate of respiration is accelerated by 
positive air ions and decelerated by negative air ions. His observations were 
made on human subjects  and  on  anesthetized rabbits.  It seems  reasonable 
to  assume that  the observed increase  in  the respiratory rate  of unoperated A.  P.  KRITEGER  AND  R.  F.  SMITH  81 
animals  exposed  to  high  concentrations of positive  ions  in  his  experiments 
and in our own is at least in part a  compensatory mechanism triggered by a 
reduction in the effective diameter of the airways. Yet we are not certain that 
this is the case since,  as already noted, we have not demonstrated constriction 
of the airways in the unoperated animal, nor do our experiments exclude the 
possibility of a central air ion action, perhaps on the respiratory center. Despite 
the seeming unlikelihood of air ions acting on the more remote tissues,  e.g. 
the central nervous system, such a mechanism cannot be dismissed for there is 
evidence that inhaled air ions alter a number of bodily functions. For example, 
Nielsen and Harper (10) found that the inhalation of positive air ions by rats 
reduced  the  succinoxidase  content  of  the  adrenal  gland,  and  Worden  (11) 
reported an increase in the carbon dioxide combining power of hamster plasma 
during exposure to negative air ions. In human beings, Okada (12)  observed 
that positive air ions decreased gastric activity while negative air ions increased 
it, and Koller (13) obtained a reduction in blood pressure following inhalation 
of negative air ions. 
Moreover, the possibility that changes in the condition of the nasal cavity 
play a role must also be considered. Many years ago Yaglou and his colleagues 
(14)  reported irritation of the nasal membranes as a result of positive air ion 
action, and more recently Winsor and Beckett (15) confirmed this observation; 
they noted not only nasal obstruction, headaches, and dryness of the mucous 
membranes, but also a reduction in maximal breathing capacity from 35 liters/ 
rain. to 25 liters/rain, on the average. 
In the extirpated tracheal strip of the rabbit,  exposure to positive air ions 
enhanced susceptibility of the cilia to trauma. This occurred also in the living 
animal, and there was additional evidence of increased irritability of the tracheal 
mucosa. The slightest pressure with a  probe produced either a  web-like net- 
work of dilated capillaries or a  disc-shaped ecchymosis in the mucosa of the 
trachea exposed to positive air ions, but evoked no such reaction in non-treated 
controls or in animals treated with negative air ions. Similar vascular reactions 
to trauma were observed in the mouse and rat, but the response was much less 
marked than that occurring in the rabbit, probably because these animals do 
not have such an abundant distribution of blood vessels in the tracheal wall. 
It  seems  to  us  particularly significant that  unoperated  mice inhaling air 
containing moderate concentrations of positive or negative ions: (1) exhibited 
the typical effects on ciliary flicker, smooth muscle, and vulnerability to trauma 
and  (2)  these responses persisted long after the animals were removed from 
the artificially ionized atmospheres. This indicates that functional alterations 
of the mucosa follow the administration of much lower air ion doses than those 
used on the tracheotomized animals, for here the number of ions coming in 
contact with a  given area of tracheal surface per unit of time was certainly 
much less than the standard  1  ×  109  ions/cm3/sec,  dosage of experiments 82  ION F.FI~ECTS ON LIVING TRACHEA 
in which air ions were applied directly to the exposed tracheal mucosa.  It is 
compatible  with  the  experimental  observation  that  as  few as  1  X  106  air 
ions/cm.2/sec,  impinging  on the mucosa of the tracheotomized  rabbit  served 
to elicit the chaxacteristic responses. 
We hope to extend to larger animals, especially the rabbit, our experiments 
dealing  with  functional  changes  in  the respiratory  tract  following inhalation 
of air ions, as suitable ionizing cages become available. 
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